The chemical state of fluorine and the effect of fluorine addition on the degree of polymerization of silicate network have been investigated for the CaO-SiO 2 -CaF 2 and CaO-SiO 2 -CaF 2 -FeO x glasses using the Xray photoelectron spectroscopy (XPS) and Mössbauer spectroscopy measurements. The F1s XPS spectra indicate that the fluorine is dominantly coordinated with calcium rather than silicon. The O1s XPS spectra for the CaO-SiO 2 -CaF 2 glasses and the values of Fe 2ϩ /Fe 3ϩ obtained by Mössbauer spectra for the CaO-SiO 2 -CaF 2 -FeO x glasses indicate that CaF 2 addition does not depolymerize the silicate network for both systems.
Introduction
CaF 2 is widely used as an addition to steelmaking slags because of the strong fluxing power. Addition of CaF 2 lowers the liquidus temperature and the viscosity of slags, resulting in improvement of reactivity in slag-metal interface. It has been also reported that CaF 2 addition increases the sulphide capacity of slags having a constant CaO/SiO 2 ratio. 1) However, there has been growing recognition that fluorine has harmful influence both on the natural environment and on recycling of slags. Thus, it is desired to develop fluorine free steelmaking flux. For this purpose, it is essential, as a first step, to elucidate the mechanism for improving the physicochemical properties of slags by CaF 2 addition. Since the physicochemical property is relevant to the structure, it is of great importance to investigate the structure of slags containing CaF 2 .
The structure of silicate glasses containing CaF 2 has been predicted from the data obtained by means of viscosity [2] [3] [4] and cryoscopic measurements, 5) and studied more directly using spectroscopic measurements such as infrared absorption, [6] [7] [8] [9] Raman, 10, 11) X-ray photoelectron 12, 13) and 19 F nuclear magnetic resonance spectroscopies. 14, 15) The conclusions deduced from the above reports can be classified into three conflicting views:
(i) The addition of CaF 2 to acidic silicate glasses leads to the depolymerization of silicate network owing to the formation of Si-F bonds. But in basic glasses fluorine is present as F Ϫ coordinated with Ca 2ϩ and does not contribute to the breakage of Si-O bonds. 6, 7, 10) (ii) Fluorine predominantly bonds with silicon for a CaF 2 concentration of less than about 10 mol%, and is present as F Ϫ coordinated with Ca 2ϩ for higher CaF 2 concentration. 10, 12) (iii) Fluorine is present as F Ϫ coordinated with Ca 2ϩ and does not contribute to the breakage of Si-O bonds irrespective of glass compositions. 9, 11, 13) Consequently, there is no consensus on the structure of silicate glasses containing CaF 2 . In order to judge the above views, it is necessary to accumulate more reliable data for the structures of glasses having different compositions to determine the relationship between the structural role of fluorine and the glass composition.
The objective of this study is to measure the chemical state of fluorine and the effect of fluorine addition on the degree of polymerization of silicate network for the CaOSiO 2 -CaF 2 and CaO-SiO 2 -CaF 2 -FeO x glasses using the Xray photoelectron spectroscopy (XPS) and Mössbauer spectroscopy measurements. In the XPS measurements, we have employed fresh surfaces of glassy samples fractured in ultrahigh vacuum (2ϫ10 Ϫ7 Pa) and optimum charge neutralization by flooding electrons to distinguish two chemical states of fluorine. The chemical compositions of glassy samples have been chosen so as to examine the effects of both CaO/SiO 2 ratio and CaF 2 concentration on the structural role of fluorine.
Experimental

Sample Preparation
Six series of glassy samples were prepared as follows: were melted in platinum crucibles at 1 783 K in air for 1 h for the samples of series 1-3 and for 3 h for the samples of series 4-6, respectively. It has been confirmed that the melting time of 3 h is long enough for the fraction of Fe 3ϩ ions to the total iron ions to reach a constant value. 16 ) Glassy samples were prepared by pouring the melts onto a water cooled copper plate in air. Samples for the XPS measurements were prepared by cutting the samples into rods of 4 mm in diameter and 16 mm in length, and washing them with acetone in an ultrasonic bath.
Measurements
X-ray diffraction studies were carried out with CuKa radiation to identify the crystal structure of the samples. The chemical compositions of the samples were analyzed by EPMA (electron probe micro analyzer). The F1s and O1s XPS spectra were measured using an X-ray photoelectron spectrometer (Perkin-Elmer PHI Model 5500) incorporating a spherical capacitor analyzer. A monochromatized AlKa radiation (1486.6 eV) was used as the X-ray source, which was operated at 300 W and 14 kV. The rod shaped samples were fractured in ultrahigh vacuum (2ϫ10 Ϫ7 Pa). The surface charging was neutralized by flooding electrons. Pass energy and aperture size of the analyzer were 5.85 eV and 0.8 mm, respectively. Data were acquired with 0.025 eV steps. In order to correct the charging effects, the measured binding energies were calibrated using the binding energy of the adventitious C1s line assuming that the C1s core level is 284.6 eV.
Mössbauer spectroscopy measurements were carried out at room temperature using 30 mCi 57 Co in Rh as the g-ray source to determine the fraction of Fe 3ϩ (or Fe 2ϩ ) ions to the total iron ions. It has been reported that the fraction of Fe 3ϩ (or Fe 2ϩ ) ions to the total iron ions determined by Mössbauer spectroscopy and wet-chemical techniques are the same within these uncertainties. [17] [18] [19] The Doppler velocity scale for the measurements was calibrated at room temperature using the spectrum of a-Fe foil. concentrations and the increase of CaO concentration were observed during melting for the samples of series 1-3, probably owing to the vaporization of SiF 4 and HF. Figure 1 shows a typical X-ray diffraction profile of a glassy sample. As shown in Fig. 1 , all the X-ray diffraction profiles only showed a broad peak around the diffraction angle 2q of 30 deg except for that of the 40(mol%)CaO40SiO 2 -20CaF 2 sample. This is so-called halo pattern confirming that the samples are amorphous. 13, 20) and F-containing SiO 2 glass due to the vapor phase axial deposition method (VAD) 13) are indicated in both figures. The spectra for all samples give symmetrical peaks and have been fitted with single Gaussian functions. Table 2 summarizes the binding energies at peak position (BE) and the full widths at half maximum intensity (FWHM) of the F1s spectra for all samples. Figures 5, 6 and 7 show the O1s XPS spectra for the samples of series 1, 2 and 3, respectively. On the basis of the Gaussian functions the spectra have been deconvoluted into two peaks at about 530 eV and 532 eV. The fraction of the atoms having the same binding energy should be deduced from the ratio of the peak area to the whole spectrum area. However, we assume here that the intensity of the peak corresponds to the fraction because of less accurate deconvolution. It can be seen from Fig. 5 that the intensity ratio of the low binding energy peak to the high binding energy peak decreases with decreasing the value of y, i.e., basicity of (mol%CaO)/(mol%SiO 2 ). When CaF 2 is added as substitution for CaO, as shown in Fig. 6 , the intensity ratio of the low binding energy peak to the high binding energy peak decreases with an increase in the value of x, i.e. CaF 2 concentration. On the other hand, when CaF 2 is added to the glasses with a constant value of (mol%CaO)/ (mol%SiO 2 ), it is found from Fig. 7 that the intensity ratio of two peaks is almost identical irrespective of the value of x, i.e. CaF 2 concentration. Table 2 . Binding energies at peak position, BE (eV) and the full widths at half maximum intensity, FWHM (eV) of the F1s XPS spectra. Figure 8 shows the O1s spectra for the samples of series 5. Only one asymmetry peak appeared probably because there are various chemical states of oxygen in the silicate glasses containing iron ions. Figure 9 shows a typical Mössbauer spectrum of CaOSiO 2 -CaF 2 -FeO x glass samples. On the basis of Lorentzian function this spectrum has been deconvoluted into three symmetrical quadrupole doublets due to Fe 2ϩ ions in octahedral symmetry and Fe 3ϩ ions in octahedral and tetrahedral symmetries. 16) The spectra for all samples of series 4, 5 and 6 have been deconvoluted. Table 2 indicates that the binding energies at peak posi- 
Results
Fig. 6.
O1s XPS spectra for the samples of (50Ϫx)CaO-50SiO 2 -xCaF 2 (series 2).
Fig. 7.
O1s XPS spectra for the samples of (50Ϫx/2)CaO-(50Ϫx/2)SiO 2 -xCaF 2 (series 3). tion of the F1s XPS spectra range from 683.4 to 684.9 eV. The binding energies are close to that of CaF 2 crystal (684.3 eV, 13) 685.1 eV 20) ) rather than that of F-containing VAD SiO 2 glass (687.1 eV). 13) It has been reported that the fluorine in the VAD SiO 2 glass form covalent Si-F bonds. 21) Consequently, it can be concluded that the fluorine is dominantly coordinated with Ca 2ϩ in the present composition ranges of the CaO-SiO 2 -CaF 2 and CaO-SiO 2 -CaF 2 -FeO x glasses. Table 4 summarizes the fraction, the binding energies at peak position (BE) and the full widths at half maximum intensity (FWHM) of BO and NBO. Figure 5 gives the acceptable result that the fraction of non-bridging oxygens to the total oxygens decreases with a decrease in basicity of (mol%CaO)/(mol%SiO 2 ) when the CaF 2 concentration is constant. Fig. 6 indicates that an increase in the value of x leads to a decrease in the fraction of non-bridging oxygens to the total oxygens for the samples of series 2. Thus, the substitution of CaF 2 for CaO causes polymerization of the silicate network. It can be seen from Fig. 7 , on the other hand, that the fraction of non-bridging oxygens to the total oxygens is constant regardless of the value of x for the samples of series 3. This result corresponds to the fact that CaF 2 addition to the samples with a given basicity ((mol%CaO)/(mol%SiO 2 )=1) does not affect the network polymerization. Based on the above results, it can be concluded that CaF 2 addition does not depolymerize the silicate network effectively in the composition ranges of the present study. This supports the conclusion derived from the F1s XPS spectra that the fluorine predominantly bonds with Ca rather than Si and does not break the Si-O-Si bonds. ) as a function of the value of (mol%CaO)/(mol%SiO 2 ) for the samples of series 4, 5 and 6. The values of (mol%CaO)/(mol%SiO 2 ) were obtained from the analyzed chemical compositions shown in Table 1 23) have proposed the following redox equilibrium model of iron ions involving the anionic structural units. 
Effect of CaF
Mechanism for Lowering the Viscosities of Slags
by CaF 2 Addition It is well known that addition of CaF 2 lowers the viscosity of slags considerably, [2] [3] [4] and several structural models have been presented to explain the effect of CaF 2 .
2,5,24) Baak and Olander 5) and Bills 2) reported the following structural models: In a pure silicate glasses the divalent calcium ions bind together the silicate anions by electrostatic forces.
When CaF 2 is added, as shown in Fig. 11 , the electrostatic bindings are broken because CaF ϩ ion pairs are added to the silicate anions. Since this reduces the resistance of flow due to the electrostatic bindings between the silicate anions through the divalent calcium ions, the viscosity is lowered. Our conclusion that fluorine is dominantly coordinated with calcium in the slag compositions of this study supports the hypothetical effect of CaF 2 proposed by Baak and Olander 5) and Bills 2) 
Conclusions
The (1) The fluorine is dominantly coordinated with calcium rather than silicon.
(2) CaF 2 addition to the samples having a constant value of (mol%CaO)/(mol%SiO 2 ) does not change the degree of polymerization. ). Table 4 . Fractions, I (%), the binding energies at peak position, BE (eV) and the full widths at half maximum intensity, FWHM (eV) of bridging oxygens (BO) and non-bridging oxygens (NBO).
